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(57) ABSTRACT
A system for testing an optical surface includes a rangefinder
configured to emit a light beam and a null assembly located
between the rangefinder and the optical surface. The null
assembly is configured to receive and to reflect the emitted
light beam toward the optical surface. The light beam
reflected from the null assembly is further reflected back from
the optical surface toward the null assembly as a return light
beam. The rangefinder is configured to measure a distance to
the optical surface using the return light beam.
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ALIGNMENT OF OPTICAL SYSTEM
COMPONENTS USING AN ADM BEAM
THROUGH A NULL ASSEMBLY
STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH
2
the optical surface, reflecting the emitted light beam toward
the optical surface by the null assembly, further reflecting the
reflected light beam from the optical surface back toward the
null assembly as a return light beam, and measuring a dis-
5 tance to the optical surface by the rangefinder using the return
light beam.
The invention described herein was made in the perfor-
mance of work under NASA Contract No. NAS5-02200 and
is subject to the provisions of Section 305 of the National
Aeronautics and Space Act of 1958 (42 U.S.C. 2457).
TECHNICAL FIELD
The present invention relates, in general, to the field of
optics. More specifically, the present invention relates to sys-
tems and methods for aligning and testing of optical surfaces
and components.
BACKGROUND OF THE INVENTION
Metrology devices are known to measure spatial coordi-
nates of an object under test. Examples of metrology devices
include laser rangefinders, laser range scanners, photogram-
metry cameras, theodolites and electronic autocollimators.
For example, a laser rangefinder typically determines the
spatial coordinates of the object from a laser beam reflected
by points on the object under test. The laser rangefinder
generally measures the spatial coordinates based on interfer-
ometry or phase detection of a modulated laser beam.
Metrology devices typically operate using a direct line-of-
sight to an object under test. In some cases, metrology devices
are operated in a cryogenic environment in which the metrol-
ogy device is typically housed in a pressure tight enclosure
(PTE) orplaced outside of the cryogenic environment. In both
of these circumstances, the metrology device may transmit a
light beam to the object and receive a light beam reflected by
the object through one or more optical windows. The optical
window is typically an optical quality flat or dome window,
and may degrade the measurement performance of the
device.
When multiple, networked metrology devices are used to
measure an object, each of the devices operate with a direct
line-of-sight to the object. If the multiple devices operate in a
cryogenic environment, each device may perform the mea-
surement through a different optical window. Furthermore, if
each device is placed in different enclosures of a cryogenic
environment, each device may be subject to different vibra-
tions, and may degrade the measurement performance of the
networked metrology devices.
SUMMARY OF THE INVENTION
The present invention is embodied in systems for testing an
optical surface. The system includes a rangefinder configured
to emit a light beam and a null assembly located between the
rangefinder and the optical surface. The null assembly is
configured to receive the emitted light beam and to reflect the
emitted light beam toward the optical surface. The light beam
reflected from the null assembly is further reflected back from
the optical surface toward the null assembly as a return light
beam. The rangefinder is configured to measure a distance to
the optical surface using the return light beam.
The present invention is also embodied in methods for
testing an optical surface. The method includes emitting a
light beam from a rangefinder, receiving the emitted light
beam by a null assembly located between the rangefinder and
BRIEF DESCRIPTION OF THE DRAWINGS
10 The invention may be understood from the following
detailed description when read in connection with the accom-
panying drawing. Included in the drawing are the following
figures:
FIG.1 shows a testing system for testing an optical surface,
15 where the optical surface is a primary segmented mirror,
according to an embodiment of the present invention;
FIG. 2 is a diagram of measurement and optical systems of
the testing system shown in FIG. 1, according to an embodi-
ment of the present invention;
20 FIG. 3 shows an overhead view as seen from a center of
curvature of an optical assembly (COCOA) of a segmented
primary mirror having corner cubes for testing a surface of a
mirror, a secondary mirror assembly (SMA) or an aft optical
system (AOS), according to an embodiment of the present
25 invention;
FIG. 4A shows a fixed lens for collimating light to a null
assembly included in the testing system of FIG. 2, according
to an embodiment of the present invention;
30 FIG. 4B is a graph of a point spread function (PSD) of an
absolute distance meter (ADM) beam at the segmented pri-
mary mirror for the ADM beam passing through the exem-
plary fixed lens shown in FIG. 4A and the null assembly
included in the testing system of FIG. 2, illustrating an ellip-
35 tical shape of the ADM beam at the segmented primary mir-
ror;
FIG. 5 shows the null assembly of the testing system shown
in FIG. 2, including an aspheric mirror and a spherical imag-
ing mirror, according to an embodiment of the present inven-
40 tion;
FIGS. 6A, 6B and 6C show a verification article for cali-
brating the exemplary testing system of FIG. 2, according to
an embodiment of the present invention;
FIG. 7 shows another verification article for calibrating the
45 optical surface testing system, according to another embodi-
ment of the present invention; and
FIG. 8 shows some of the components of the testing system
of FIG. 2, for determining an unbiased distance in the Z
dimension to the verification article or to the optical surface,
50 according to an embodiment of the present invention.
DETAILED DESCRIPTION OF THE INVENTION
FIG. 1 shows one embodiment of a testing system, desig-
55 nated generally as 100, for testing an optical surface 106, such
as a reflecting surface of a primary mirror of a telescope.
Testing system 100 generally includes measurement system
102 for measuring spatial coordinates of points on optical
surface 106. As shown, a light beam emitted by measurement
60 system 102 is directed by optical system 104 to predeter-
mined points on or near optical surface 106. The emitted light
beam and a light beam reflected from points on or near optical
surface 106 are shown generally designated as 108. As will be
explained, optical system 104 also directs the reflected light
65 back to measurement system 102. Although optical surface
106 is illustrated as a primary mirror, it is understood that
testing system 100 may be used with any suitable optical
US 7,773,201 B1
3
surface or any object capable of reflecting the light beam in a
way that is parallel to the same light beam that is incident on
the object.
Testing is defined herein as the taking of one or more
measurement of the shape or position of an optical compo-
nent or system of components. Each component may include
one or more optical surfaces or metrology objects (such as
corner cubes). The data that is produced as a result of testing
may be used to certify the component or system of compo-
nents, improve the alignment of one or more components,
provide feedback for the physical deformation of one or more
components (especially if used for the testing of deformable
optics), provide feedback for additional fabrication process-
ing of one or more one components, or for any other purpose
or combination of purposes. The testing described herein may
also be used in conjunction with other measurement pro-
cesses including but not limited to measurements for radio-
metric properties, surface roughness, coating performance,
thermodynamics and vibration.
Emitted light beam 108 is also directed to corner cubes,
designated generally as 110,112 and 114. Corner cubes 110,
112,114 may be positioned at various predetermined loca-
tions on or above optical surface 106. In an exemplary
embodiment illustrated in FIG. 1, the corner cubes may
include secondary mirror assembly (SMA) corner cubes 110,
aft optical system (AOS) corner cubes 112 and primary seg-
ment mirror assembly (PMSA) corner cubes 114. SMA cor-
ner cubes 110 and AOS corner cubes 112 correspond to a
position of other optical and/or mechanical components asso-
ciated with optical surface 106, as best shown in FIG. 3. It will
be appreciated that the AOS represents a mechanical assem-
bly, and that exemplary testing system 100 may measure the
spatial coordinates of mechanical assemblies as well as opti-
cal assemblies.
Referring to FIG. 3, an overhead view of optical surface
106 illustrates the positions of SMA corner cubes 110, AOS
corner cubes 112 and PMSA corner cubes 114 withrespect to
a center of optical surface 106 (i.e. a segmented primary
mirror). In the exemplary embodiment, three PMSA corner
cubes 114a, three PMSA corner cubes 114b and three PMSA
corner cubes 114c are positioned at the edge of three different
segments 302 of primary mirror 106. Three SMA corner
cubes 110 and three AOS corner cubes 112 are positioned
near the edge of optical surface 106 (see FIG. 1). It will be
appreciated that corner cubes 110,112,114, when mounted to
the same rigid object, allow for a six degrees of freedom
(DOE) position of that object to be determined. Corner cubes
110,112,114 may be placed near optical surface 106 in any
suitable geometry, such that the locations of respective corner
cubes 110,112,114 relative to optical surface 106 are known.
In an exemplary embodiment, three sets of PMSA corner
cubes 114a-114c provide spatial coordinates for three differ-
ent segments 302 of optical surface 106. In this manner, the
three associated segments 302 and, thus, the primary mirror
may be adjusted for alignment. It will be appreciated that
corner cubes 110,112,114 each provide six degrees of free-
dom (DOE) for measuring the X,Y,Z coordinates of the
respective locations on or near optical surface 106. Because
the relative positions of corner cubes 110,112,114 are known
with respect to the assemblies to which they are respectively
attached, the position and orientation of an assembly may be
determined. An optical surface or object may be aligned in
6-DOF provided that three or more corner cubes are attached
to the optical surface or object. It is understood that the corner
cubes have known positions relative to the optical surface or
object to which they are mounted.
4
It will be appreciated that light reflected directly from the
surface of optical surface 106 may also be used to determine
the spatial coordinate points on optical surface 106. For
example, light maybe reflected from individual segments 302
5 of the primary mirror in a telescope. The reflected light from
the individual segments may be used for measuring the radius
of any of the primary mirror segments or for phasing.
Referring next to FIG. 2, there is shown a diagram of
components of measurement system 102 and optical system
io 104 included in testing system 100. Measurement system 102
and optical system 104 are each disposed within enclosure
202 having an ambient temperature and vacuum environ-
ment, designated as 250. Measurement system 102, however,
is separated from environment 250 by pressure tight enclo-
15 sure (PTE) 204 having an ambient environment of tempera-
ture and pressure designated as 252. Measurement system
102 communicates with optical system 104 via optical win-
dows 208. It is understood that each of optical windows 208
may be formed from the same translucent material or from
20 different translucent materials.
In an exemplary embodiment, ambient temperature and
vacuum environment 250 includes a temperature of 293° K.
and a pressure of 1 x10 -6 Torr, whereas ambient environment
252 includes a temperature of 293° K. and a pressure of 760
25 Torr. In the exemplary embodiment, enclosure 202 is about 5
feet wide by 20 feet high and includes an opening 240 of
about 8 inches in diameter. Light beams 108 are directed from
opening 240 to optical surface 106 (FIG. 1). It is understood
that enclosure 202 may be of any suitable size in order to
3o house measurement system 102 and optical system 104.
Although enclosure 202 is described as having an ambient
temperature and vacuum environment, it is understood that
enclosure 202 may have an ambient temperature and ambient
pressure environment.
35 It will be appreciated that testing system 100 overcomes
issues of placement within cryogenic environment 260. The
pressure sensitive instrumentation of measurement system
102 are placed in PTE 204 which may be maintained at
ambient temperature and pressure. On the other hand, optical
40 system 104 may be maintained at ambient temperature under
a vacuum. In addition, PTE 204 may be interferometrically
stable with respect to any of the optical and/or mechanical
components under measurement.
Measurement system 102 includes a range finder. The
45 range finder may use optical radiation such as a laser or any
other means to provide a measurement signal. For example if
the system is used in a normal atmosphere a sonar sensor may
be used. According to an exemplary embodiment, measure-
ment system 102 uses an absolute distance meter (ADM) 206,
50 position sensing device 220, focusing lens 222, and, option-
ally, a multi-wavelength interferometer 242, disposed within
PTE enclosure 204. The ADM 206 combined with interfer-
ometer 242 may provide a redundant capability for coarse
phasing of the segmented primary mirror by reflecting off of
55 the highly reflective mirror surface. As shown in FIG. 2, ADM
206 and interferometer 252 are accessible through the same
PTE 204.
The ADM 206 includes a laser for emitting light beam 232
and a sensor unit (not shown) for measuring the distance in
60 the Z dimension, generally, to corner cubes 110,112,114 (or
points on optical surface 106) using the reflected light beam
from these respective corner cubes. In an exemplary embodi-
ment, ADM 206 is a laser rangefinder, for example, a Leica
ADM with an operational wavelength of 780 nm and a beam
65 diameter of 10 mm. Because emitted light beam 232 is sub-
stantially transmitted in a vacuum, the measurement accuracy
of ADM 206 approaches about 10 µm.
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Although the ADM 206 is generally described as measur- 	 elliptical PSD, for example. In an exemplary embodiment,
ing the distance in the Z dimension, it is understood that the 	 fixed lens 216 imparts a power on the collimated beam such
ADM 206 measures a known trajectory that is normal to	 that the beam is focused at optical surface 106.
optical surface 106 for different scanning angles of scan 	 Due to the scanning spot (the PSD is equivalent to the spot
mirror 218. For example, the X,Y,Z coordinate of a corner 5 if a diffraction limited, uniform collimated beam is provided)
cube may be determined from 1) the distance along a known 	 a rastered image of (for example) the optical surface 106 may
trajectory, measured by ADM 206, that is normal relative to 	 be produced. This accomplished by recording the intensity of
optical surface 106, 2) an azimuth angle of scan mirror 218	 the rangefinder return as a function of two scan angles (inten-
and 3) an elevation angle of scan mirror 218. This spatial	 sity versus X and  scan angles for example). A smaller spot
position determination is similar to converting from a spheri-  io has the advantage of allowing for a higher resolution scanned
cal coordinate system to a Cartesian coordinate system. 	 image. The size of the spot at a best focus is inversely pro-
The ADM 206 measures the distance in the Z dimension to 	 portional to the square of the axial distance over which the
corner cubes 110,112,114 based on interferometry from the	 spot sized can be maintained close to the minimum size (or
reflected light beam. The measurements performed by ADM	 depth of field). Accordingly, there is a tradeoff between spot
206 are substantially unaffected by transmission of light 15 size and depth of field. In practice the preferred spot size is
beam 232 through optical window 208. Position sensing	 between 100 microns and 50 millimeters, though larger spot
device 220, using a similar optical window 208, determines	 sized may be required for very large or distant optical sur-
the direction of the reflected light beam in the X and Y	 faces.
dimensions. Position sensing device 220 is in a closed-loop 	 The configuration of fixed lens 216 and scan mirror 218 of
relationship with scan mirror 218 to allow precise scan mirror 20 an exemplary embodiment is known as a post-objective scan
pointing to the vertices of corner cubes 110,112,114. For	 configuration. This is because, in following the emitted beam,
example, position sensing device 220 may determine whether 	 the fixed lens 216 precedes scan mirror 218. Alternate con-
the received reflected light beam is centered on a vertex in 	 figurations may use a scan mirror preceding the fixed lens and
order to calibrate scan mirror 218. In general, the direction 	 may be configured to deliver light from the rangefinder
determined by position sensing device 220 is used to control 25 through an interferometer 242 (FIG. 2). These alternates rep-
scan mirror 218 to direct the emitted light beam to the various 	 resent examples of pre-objective scan configurations.
corner cubes or positions on optical surface 106 (FIG. 1).	 Referring respectively to FIGS. 4A and 413, exemplary
Optical system 104 includes fold mirror 210, nonpolariz- 	 fixed lens 216 and its point spread function are shown. As
ing beam splitter 212, fixed lens 216, scan mirror 218 and null 	 shown, emitted light beam 232, which has a 10 mm diameter
assembly 224. For calibration of null assembly 224 and scan 3o at 780 mu, includes a focused spot on optical surface 106
mirror 218, optical system 104 may include flip-in corner 	 (FIG. 1) having a full width half maximum diameter as small
cube 214 and verification article 230. During calibration,	 as 3 mm. In the exemplary embodiment shown in FIG. 4A,
flip-in corner cube 214 may be positioned in the path of light 	 fixed lens 216 is formed from BK7 optical glass with a focal
beam 232 and between beam splitter 212 and fixed lens 216, 	 length c of about 1 m and dimensions a,b of about 2.15 mm
in order to normalize a differential path length of light beam 35 and 11.60 mm, respectively. For the fixed lens shown in FIG.
232 in the Z dimension, as described further below. The 	 4A, the image size is about 3.2 mm2, as shown in FIG. 4B. As
differential measurement is used to compare against an opti- 	 shown, the PSD of the light beam at a corner cube of optical
cal model representing the same theoretical optical system 	 surface 106 (FIG. 1) exhibits an elliptical shape, due to off-
between the corner cube an the verification article 230. Dur- 	 axis propagation through null assembly 224.
ing calibration, verification article 230 may be positioned in 40	 Referring back to FIG. 2, scan mirror 218 directs light
the path of light beam 232 and between null assembly 224 and
	
beam 232 to different predetermined points on optical surface
opening 240 of enclosure 202 for calibrating scan mirror 218 	 106. FIG. 2 illustrates multiple scanning directions of light
using ADM 206 and, optionally, both null assembly 224 and 	 beam 232 prior to entering null assembly 224. Light beam
interferometer 242.	 232, which enters null assembly 224 and is reflected within
First, the measurement of spatial coordinates on optical 45 the null assembly before exiting, is also directed to optical
surface 106 (FIG. 1) is described. In this embodiment, optical 	 surface 106 (FIG. 1) by scan mirror 218 in a predetermined
system 102 operates without flip-in corner cube 214 and 	 scanning direction.
without verification article 230 in the optical path. Light beam 	 Referring now to FIG. 5, null assembly 224 for testing
232 from ADM 206 is directed by fold mirror 210 through 	 optical surface 106 (FIG. 1), includes aspheric mirror 226 and
beam splitter 212 to fixed lens 216. Lightbeam 232 is focused 50 spherical imaging mirror 228. Light beams from scan mirror
by fixed lens 216 and passed to scan mirror 218. An optical	 218 enter through aperture 504 in spherical imaging mirror
axis ofADM 206 and an optical axis of fixed lens 216 are then 	 228. Most of the beams from scan mirror 218, after passing
desirably centered on a pivot point of scan mirror 218. Light	 through aperture 504, reflect off the surface of aspheric mirror
beam 232 then passes through null assembly 224 and is 	 226, and travel back to spherical imaging mirror 228. The
reflected from optical surface 106 (or from among corner 55 beams are then reflected in the other direction through aper-
cubes 110,112,114 (FIG. 1)). 	 ture 502 in aspheric mirror 226, eventually reaching optical
Null assembly 224 may slightly distort emitted light beam	 surface 106.
232. Fixed lens 216 provides a focus adjustment for light 	 After reflecting from the optical surface 106, the light
beam 232 as it impinges on optical surface 106 (FIG. 1).	 beams re-enter null assembly 224 by passing through aper-
Fixed lens 216 focuses emitted light beam 232 to compensate 60 ture 502 in aspheric mirror 226, next reflecting from spherical
for any distortion of the emitted light beam and the reflected
	
imaging mirror 228 and then reflecting from aspheric mirror
light beam that passes through null assembly 224. Thus,	 226 to pass through aperture 504 for further processing by
emitted light beam 232 is substantially collimated. By focus- 	 measurement system 102.
ing emitted light beam 232, fixed lens 216 behaves as a 	 Referring back to FIG. 2, the light beam, after reflection
decollimator. Accordingly, instead of passing a light beam 65 from optical surface 106 and further reflection by null assem-
with a circular point spread function (PSD), fixed lens 216 	 bly 224 is directed to beam splitter 212 by scan mirror 218 and
may pass a light beam with a distorted PSD, such as an	 fixed lens 216. Beam splitter 212 passes a portion of the
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reflected light beam to ADM 206 and a remaining portion of
the reflected light beam to position sensing device 220, via
focusing lens 222. In an exemplary embodiment, beam split-
ter 212 reflects about 4% of the reflected light beam to posi-
tion sensing device 220 and transmits the remaining 96% to
ADM 206.
As described above, ADM 206 measures the distance in the
Z dimension to corner cube 110,112,114 (or a point on optical
surface 106) (FIG. 1), and position sensing device 220 deter-
mines the direction of the reflected light beam in the X,Y
dimensions. As described further below, a bias distance from
ADM 206 to flip-in corner cube 214 (Ll) in the Z dimension
is determined during calibration, and then the bias distance
Ll is subtracted from the calculated distance to corner cubes
110,112,114 (L2) (FIG. 1). Accordingly, ADM 206 provides
a measurement of distance (Ll-L2) in the Z dimension from
flip-in corner cube 214 to corner cubes 110,112,114.
As described above, system 100 may be used to scan the
light beam to a plurality of points on optical surface 106, such
as to a plurality of segments on a segmented primary mirror
and to produce a corresponding rastered image from the
return light beams. The rastered image may represent a varia-
tion in intensity of the return light beams, where the intensity
of the return light beam for each point may be measured by
position sensing device 220.
According to one embodiment, positions of points on the
segmented mirror and the number of points maybe selected to
represent distance measurements of the entire primary mirror.
According to another aspect of the present invention, the
plurality of points may correspond to locations across one or
more adjacent segments of the primary mirror. The rastered
image may indicate a higher intensity where the light beam is
reflected from a segment and a lower intensity where the light
beam is reflected from a position between segments, similar
to a grayscale image. Edge locations of the one or more
segments may be determined from the rastered image.
According to an exemplary embodiment, the edge locations
may be determined to within 100 µm.
Next, the calibration of system 100 is described, with ref-
erence to FIG. 2. The path of emitted light beam 232, during
calibration, is similar to the path of emitted light beam 232
during operation, except that scan mirror 218 directs emitted
light beam 232 to different points on verification article 230,
which is placed between null assembly 224 and opening 240
during calibration and removed to a stowed position after
calibration. Verification article 230 may be used by both
ADM 206 and interferometer 242 to calibrate components of
optical system 104.
For example, interferometer 242 may be used to align
aspheric mirror 226 and spherical imaging mirror 228 to
interferometer 242 and its associated objectives. Interferom-
eter 242 may also be used to align verification article 230 to
interferometer 242 and its associated objectives. When inter-
ferometer 242 is used for calibration, scan mirror 218 is
positioned away from the optical path of light beams emitted
from interferometer 242. When used to align null assembly
224 and verification article 230, light from a light source (not
shown) and light reflected from verification article 230 inter-
fere with each other within interferometer 242. The resulting
interference patterns provide maps of deviations of null
assembly 224 and verification article 230 as compared to
respective ideal surface maps. Although an interferometer
242 is illustrated, it is understood that the alignment of
aspheric mirror 226 and spherical imaging mirror 228 may be
performed by any suitable optical measuring device.
After null assembly 224 is aligned, the bias distance Ll,
shown in FIG. 8, is determined. Flip-in corner cube 214 is
8
positioned in the optical path of emitted light beam 232. Light
beam 232 from ADM 206 is directed by fold mirror 210
through beam splitter 212, toward flip-in corner cube 214.
Emitted light beam 232 is reflected back from flip-in corner
5 cube 214 to beam splitter 212. Beam splitter 212 passes a
portion of the reflected light beam from flip-in corner cube
214 to ADM 206 and a remaining portion of the reflected light
beam to position sensing device 220, via focusing lens 222.
ADM 206 then determines bias distance Ll in the Z dimen-
10 sion using the reflected light beam. In operation, as explained
below, the bias distance Ll is eventually subtracted from the
measured distance (L2), shown in FIG. 8, to corner cube
110,112,114 (or optical surface 106) (FIG. 1). In an exem-
plary embodiment, Ll is about 1.5 meters.
15 In addition, position sensing device 220 is used to align the
optical path in the X,Y dimensions. For example, by adjusting
the position of the reflected light beam on position sensing
device 220 until the reflected light beam is centered on posi-
tion sensing device 220.
20 After the bias distance Ll is determined, alignment of scan
mirror 218 may be determined. Flip-in corner cube 214 is
positioned away from the optical path of emitted light beam
232. The emitted light beam is then directed toward verifica-
tion article 230 via fold mirror 210, beam splitter 212, fixed
25 lens 216, scan mirror 218 and null assembly 224, as described
above. Scan mirror 218 directs emitted light beam 232 at
predetermined scan angles so that it is reflected from different
positions on verification article 230. The reflected light beam
is then directed back through the same components of optical
30 system 102, as described above.
A portion of the reflected light beam is directed to ADM
206 and another remaining portion is directed to position
sensing device 220 by beam splitter 212. The distance L2,
shown in FIG. 8, in the Z dimension is determined by ADM
35 206 for every predetermined reflected position on verification
article 230 at the corresponding predetermined scan angle of
scan mirror 218.
Referring to FIGS. 6A, 6B and 6C, an exemplary verifica-
40 tion article 230 formed from an exemplary hologram 600 isillustrated. Hologram 600 includes flat glass substrate 602
with concentric rings 604 of chrome formed thereon. As
shown in FIG. 6C, a portion of hologram 600 includes ring
patterns 606 for a wavelength associated with ADM 206. A
remaining portion ofhologram 600 includes ring patterns 60845 for a wavelength associated with interferometer 242. In an
exemplary embodiment, ring patterns 606 correspond to a
wavelength of about 780 nm and ring patterns 608 correspond
to wavelengths of about 620-640 mu.
50 FIG. 7 shows another verification article formed from an
exemplary reflective asphere 700. Reflective asphere 700
includes glass substrate 702 and specular surface 604 dis-
posed thereon. Reflective asphere 700 may be axially reposi-
tioned to obtain an adequate null footprint for each light beam
55 scan angle.
Referring back to FIG. 2, a calibration procedure may be
performed at each operational temperature to establish rela-
tionships among the L2 distance measurements in the Z
dimension, the scan angles of scan mirror 218, the position of
60 the emitted light beam 232 on verification article 230, and the
magnitude and direction of the emitted light beam 232
between the verification article and any corner cubes being
observed.
Distances Ll and L2 may each be represented as a function
65 of the predetermined positions in the X,Y dimensions as
Ll(x,y) and L2(x,y), where i represents an index of the
predetermined positions. First, a difference, ALADM, between
US 7,773,201 B1
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distances Ll and L2 as unbiased distance measurements for
each predetermined position may be obtained as:
OL (XiJi)ADM-Ll (xi yi)—L2(x;,Ys)
Next, the unbiased distance measurements are compared to
ideal distances, AL(xi, Yz)rDEAL for each predetermined posi-
tion. The ideal distances are determined by modeling the path
of an ideal light beam from flip-in corner cube 214 to the
predetermined positions on the verification article, with the
ideal light beam passing through null assembly 224. The
modeling may be determined, for example, by ray tracing.
The unbiased distance measurements are then compared to
the ideal distances, for example, by applying a least-squares
fit between the unbiased measurements and the ideal mea-
surements. For example, the least-squares fit approach may
be used to determine 6x,,6y,, such that:
4L(x,+6x;,Y,+6Y£)ADd-OL(xsY£)ZnEAL-
The terms 6x,,6y, represent deviations of scan mirror 218
from the ideal distances for each predetermined position i.
Accordingly, scan mirror 218 may be adjusted and the dis-
tance L2 for the corresponding position re-measured until the
unbiased distance measurement ALADM approaches the ideal
measurement ALIDEAi . It is understood that any suitable
regression analysis may be used to adjust scan mirror 218 so
that the unbiased distance measurements substantially agree
with the ideal modeled distances. In this manner, the calibra-
tion procedure forADM 206 calibrates the scan angle of scan
mirror 218 to a number of predetermined positions, as well as
the distance L2 in the Z dimension to the same predetermined
positions.
Applications of the present invention include optical sys-
tems that use a null assembly for testing or aligning optical
surfaces in ambient or cryogenic environments. Although
null assembly 224 is described as including aspherical and
spherical components, null assembly 224 may also include
reflective and/or refractive components. In addition, emitted
light beam 232 may be scanned at a back focus of an inter-
ferometer objective lens (not shown) using another scan
apparatus having a scan mirror and optics for a pre-objective
scan.
Although the invention is illustrated and described herein
with reference to specific embodiments, the invention is not
intended to be limited to the details shown. Rather, various
modifications may be made in the details within the scope and
range of equivalents of the claims and without departing from
the invention.
What is claimed:
1. A system for testing an optical surface comprising:
• rangefinder configured to emit a light beam; and
• null assembly located between the rangefinder and the
optical surface and configured to receive the emitted
light beam,
wherein the null assembly is configured to reflect the emit-
ted light beam toward the optical surface,
the light beam reflected from the null assembly is further
reflected back from the optical surface toward the null
assembly as a return light beam, and
the rangefinder is configured to measure a distance to the
optical surface using the return light beam.
2. The system according to claim 1, wherein the system is
configured to determine an alignment the optical surface.
3. The system according to claim 1, wherein the
rangefinder includes a laser rangefinder or a sonar
rangefinder.
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4. The system according to claim 1, the null assembly
comprising:
an aspheric mirror having a reflecting surface for reflecting
the received emitted light beam; and
5 an imaging mirror disposed between the rangefinder and
the aspheric mirror, the imaging mirror configured to
again reflect light, which is first reflected from the
reflecting surface of the aspheric mirror, toward the opti-
cal surface.
10	 5. The system according to claim 1, further comprising:
a fixed lens disposed between the rangefinder and the null
assembly, the fixed lens positioned along an optical axis
of the emitted light beam,
wherein the fixed lens decollimates the emitted light beam
15	 according to a predetermined point spread function.
6. The system according to claim 5, wherein the fixed lens
imparts a power on the emitted light beam such that the
emitted light beam is focused at the optical surface.
7. The system according to claim 1, wherein the optical
20 surface includes a verification article for calibrating the sys-
tem.
8. The system according to claim 7, wherein the verifica-
tion article includes a hologram or a reflecting asphere.
9. The system according to claim 1, wherein the optical
25 surface includes a segmented mirror.
10. The system according to claim 9, wherein the system is
configured to measure distances to the entire segmented mir-
ror.
11. The system according to claim 9, wherein the system is
so configured to scan the emitted light beam over a plurality of
locations on the segmented mirror to generate a plurality of
return light beams, and
the system is configured to determine a distance to one or
35 more edges of segments of the segmented mirror based
on a variation in intensity among the plurality of return
light beams.
12. The system according to claim 1, wherein the optical
surface includes one or more corner cubes positioned at pre-
40 
determined locations relative to the optical surface,
the emitted light beam reflected toward the optical surface
from the null assembly is reflected back from the one or
more corner cubes as the return light beam, and
the system measures the distance to the optical surface
45	 using the return light beam reflected from the one or
more corner cubes.
13. The system according to claim 1, wherein the
rangefinder is provided within a pressure tight enclosure
(PTE) having an ambient pressure environment and the null
50 assembly is provided in an enclosure having a vacuum envi-
ronment or an ambient pressure environment.
14. The system according to claim 1, further comprising:
a scan mirror disposedbetween the rangefinder and the null
assembly, a pivot point of the scan mirror centered at an
55	 optical axis of the emitted light beam,
wherein the scan mirror is configured to direct the emitted
light beam to a predetermined location on or near the
optical surface according to a predetermined scan angle.
15. The system according to claim 14, wherein a spatial
60 position of the optical surface is determined from the distance
measured by the rangefinder, an azimuth angle of the scan
mirror and an elevation angle of the scan mirror.
16. The system according to claim 14, further comprising:
a position sensing device configured to determine a direc-
65	 tion of the return light beam, the position sensing device
configured with the scan mirror to direct the emitted
light beam to the predetermined location; and
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a beam splitter positioned between the rangefinder and the
scan mirror and aligned with the optical axis of the
emitted light beam, the beam splitter configured to pass
a first portion of the return light beam to the rangefinder
and a second portion of the return light beam to the
position sensing device.
17. The system according to claim 16, further comprising:
a corner cube positioned between the beam splitter and the
scan mirror and configured to reflect the emitted light
beam toward the beam splitter as a calibration light
beam,
wherein a position of the position sensing device is cali-
brated using the calibration light beam, and
a bias distance between the rangefinder and the corner cube
is determined, the bias distance being subtracted from
the measured distance to the optical surface.
18. A method of testing an optical surface comprising the
steps of:
(a) emitting a light beam from a rangefinder;
(b) receiving the emitted light beam by a null assembly
located between the rangefinder and the optical surface;
(c) reflecting the emitted light beam toward the optical
surface by the null assembly;
(d) further reflecting the reflected light beam from the
optical surface back toward the null assembly as areturn
light beam; and
(e) measuring a distance to the optical surface by the
rangefinder using the return light beam.
19. The method according to claim 18, the method includ-
ing, prior to step (a), performing an alignment of the optical
surface.
20. The method according to claim 18, step (a) further
comprising:
decollimating the emitted light beam according to a prede-
termined point spread function by a fixed lens disposed
between the rangefinder and the null assembly, the fixed
lens positioned along an optical axis of the emitted light
beam.
21. The method according to claim 20, the step of decolli-
mating including decollimating the emitted light beam by
imparting a power on the emitted light beam such that the
emitted light beam is focused at the optical surface.
22. The method according to claim 18, step (d) further
comprising:
positioning one or more corner cubes at predetermined
locations relative to the optical surface,
wherein the reflected light beam from the null assembly is
further reflected back from the one or more corner cubes
as the return light beam, and
the distance to the optical surface is measured using the
return light beam reflected from the one or more corner
cubes.
23. The method according to claim 18, step (a) further
comprising:
directing the emitted light beam to one or more predeter-
mined locations on or near the optical surface by a scan
mirror,
wherein the scan mirror is positioned between the
rangefinder and the null assembly, a pivot point of the
scan mirror centered at an optical axis of the emitted
light beam, and
the distance to the one or more predetermined locations is
measured by the rangefinder.
24. The method according to claim 23, further including
determining a spatial position of each of the one or more
predetermined locations from the distance to the correspond-
ing predetermined location measured by the rangefinder, an
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azimuth angle of the scan mirror for the corresponding pre-
determined location and an elevation angle of the scan mirror
corresponding predetermined location.
25. The method according to claim 23, wherein optical
5 surface includes a segmented mirror and distances represent-
ing the entire segmented mirror are measured by the
rangefinder.
26. The system according to claim 23, wherein the optical
surfaces includes a segmented mirror and the method
io includes, the one or more predetermined locations include a
plurality of locations on the segmented mirror to generate a
plurality of return light beams, the method including:
determining a distance to one or more edges of segments of
the segmented mirror based on a variation in intensity
15	 among the plurality of return light beams.
27. The method according to claim 23, the method com-
prising, prior to step (a):
positioning a corner cube between the rangefinder and the
scan mirror, the corner cube centered on the optical axis,
20	 the distance between the rangefinder and the corner cube
representing a bias distance;
emitting a calibration light beam from a rangefinder;
reflecting the calibration light beam from the corner cube
back to the rangefinder; and
25 measuring a bias distance by the rangefinder from the
reflected calibration light beam,
wherein step (e) includes subtracting the bias distance from
the measured distance to the optical surface.
28. The method according to claim 27, wherein a beam
30 splitter is positioned between the rangefinder and the corner
cube, the method further comprising:
directing a first portion of the reflected calibration light
beam to the rangefinder, the rangefinder measuring the
bias distance from the first portion of the reflected cali-
35	 bration light beam;
directing a second portion of the reflected calibration light
beam to a position sensing device;
determining a position of the second portion of the
reflected calibration light beam on the position sensing
40	 device; and
adjusting an alignment of the position sensing device based
on the determined position of the second portion of the
reflected calibration light beam.
29. The method according to claim 28, further comprising:
45 controlling a tip angle and a tilt angle of the scan mirror
such that the return light beam is centered on the position
sensing device.
30. The method according to claim 27, wherein the optical
surface is a verification article configured to calibrate the scan
50 mirror, the method further comprising:
comparing the measured distance for each of the one or
more predetermined locations to respective predeter-
mined distances; and
for each of the one or more predetermined locations,
55	 adjusting a scan angle of the scan mirror until the corre-
sponding measured distance is substantially similar to
the respective predetermined distance.
31. The method according to claim 30, wherein the prede-
termined distances are determined by ray tracing modeling of
60 the emitted light beam directed through the null assembly and
directed toward the one or more predetermined locations on
the verification article.
32. The method according to claim 30, wherein the mea-
sured distance is compared to the respective predetermined
65 distance based on a least-squares fit method.
